Abstract. This study aims at the automatic detection of the ocean eddies from Moderate Resolution Imaging Spectrometer (MODIS) L1B data in the China Seas. First, the sea surface temperature (SST) is estimated from MODIS Aqua/Terra L1B data using the nonlinear IMAPP algorithm. Based on the distribution of SST, the characteristics of ocean eddies such as the position, the size, and the elliptical parameters can be investigated using the multi-scale edge detection technique. The MODIS L1B data can be obtained in near real time, therefore, the automatic near-real-time detection of ocean eddies can be realized.
Introduction
Ocean eddies play a significant role in determining the overall circulation of the world oceans and are intimately related to the transport of heat, vorticity, momentum and biological tracers. This important process is difficult to study because of the scarcity of in situ observations. With the development of remote sensing technology, the high-resolution remote sensing data with a large spatial coverage have greatly improved our ability to study the characteristics of this oceanic process [1] .
Since ocean eddies are related to the Sea Surface Temperature (SST), they can be effectively detected by using SST. Several research works have used SST estimated from satellite infrared images to detect eddies because of the surface signature of the eddy in temperature [2, 3] . However, few studies focus on the eddy detection directly from the visible/infrared data which are used to generate SST images. Usually the SST products can not be provided in real time or near-real time. In contrast, the infrared images from some satellites, such as the Earth Observing System (EOS) Moderate Resolution Imaging Spectrometer (MODIS) Level 1B (L1B) data, can be obtained in real/near-real time. Such data have a higher resolution than the online SST products derived from them. If these data were applied to identifying ocean eddies, the real/near-real-time eddy detection could be realized. In this study, we aim at detecting the ocean eddies automatically and directly from MODIS L1B data based on the SST distribution derived from them.
Data
The MODIS L1B data set contains calibrated and geolocated radiances for all 36 MODIS bands and reflectance for the reflective solar bands (Bands 1 through 19 and 26). Two bands are imaged at a resolution of 250 m at nadir, with five bands at 500 m; the resolution of the remaining 29 bands is 1 km. In this study, L1B data with spatial resolution of 1 km × 1 km are used to estimate SST [4] based on which the ocean eddies are detected.
Methodology
For the ocean eddies, the distribution of SST have its unique characteristic. Therefore, to detect this process from MODIS L1B data, we first estimate SST from these data.
SST Retrieval Method
Before SST retrieval, the cloud detection is necessary in the processing of infrared/visible satellite remote sensing data. In recent years, a variety of methods have been developed to detect cloud from these data [5, 6] . By analyzing the atmospheric radiation characteristics of cloud at different bands and integrating the spectral characteristics of MODIS data, [7] developed a cloud detection algorithm based on multi-spectrum synthesis. Taking into account the factors such as the reflectance within visible bands, the brightness temperature (BT) and BT difference within infrared bands, the cloud mask which discriminates cloud from clear sky can be built. This cloud detection algorithm was proved to be effective, especially for thin cirrus which can not be identified within the visible bands, and is applied in this study.
A comparison of Multi-Channel SST (MCSST) [8] , Nonlinear SST (NLSST) [9] , Water Vapor SST (WVSST) and Quadratic SST (QDSST) [10] algorithms which retrieve SST from MODIS L1B data showed that the NLSST method has both quality and high efficiency in the Western North Pacific [4] . Thus, the NLSST algorithm is used in our study for estimating SST in the China Seas.
The NLSST is given as, 
where sst is the SST from MODIS bands 31 and 32 (i.e. the 11/12 µm split window) and sst4 is the SST from MODIS bands 22 and 23 (i.e. the 3.9/4.1 µm split window) which is only reliable at night; T is used to estimate env T . In this way, the IMAPP algorithm uses OISST if available (for env T ), but otherwise requires no ancillary data inputs. In this study, considering the SST estimation in near real time, we mainly use 20 T to estimate env T .
Detection of Ocean Eddies
The current studies on ocean eddies, which mainly focus on water mass current analysis and numerical simulation approaches, have been proved to be successful by various applications in different regions. However, with the blowup of multi-source and large-coverage remote sensing data, there are still many difficulties in fast and automatic extraction of spatial information of eddies. Based on the SST map derived from MODIS L1B data, the characteristics of eddies can be studied using different techniques [11, 12] . In this study, the multi-scale edge detection technique [13] was used.
All the above data processing procedures, the algorithms and the mapping codes are integrated into a package so that either the SST or the detection results can be obtained once the MODIS L1B data are input into the package. In this way, the automatic detection of ocean eddies can be realized.
Results and Discussion
To show the capability of our system in automatically detecting ocean eddies from MODIS L1B data, case studies are carried out in the China Seas and the Western Pacific.
SST
In this study, the SST distribution from MODIS L1B data is the basis for detecting the eddies. Figure  1a shows MODIS Aqua L1B image acquired at 04:15 UTC on 29 April, 2009 in the China Seas and part of Western Pacific. After cloud detection, the SST was estimated using the IMAPP algorithm (Figure 1b) . Figure 2 shows the near-real-time SST product generated by the Japan Aerospace Exploration Agency (JAXA) at the same time and in the same region for Figure 1a . The comparison shows that there is a good agreement between the SST derived in our study and the operational SST product from JAXA. This lays the foundation for the following detection of ocean eddies from the MODIS derived SST image. 
Ocean Eddy Detection
Using the detection algorithms, the ocean eddies are automatically detected based on the SST map derived from MODIS L1B data. Figure 3a is the enlarged image of the SST sub-image marked as the red square in Figure 1b . From Figure 3a we can clearly see an anticyclonic eddy. The information of this eddy is shown in Figure 4b , where the shape of the eddy is successfully extracted. The position of the eddy center is (143.61°E, 40.15°N). The lengths of major and minor axes of the eddy ellipse are 89.1 and 51.4 km, respectively. Judging from the SST within the eddy and background temperature, we know that this is a warm eddy. Another case is shown in Figure 4 for MODIS Terra L1B data acquired at 01:15 UTC on 11 December, 2008 (not shown) in the Northwestern Pacific. Figure 5a shows SST derived by the IMAPP algorithm. Figures 4b and 4c are the enlarged image of the sub-image marked as the red square in Figure 5a and the shape of the detected cyclonic (cold) eddy. The position of the cold eddy center is (143.96°E, 32.989°N), with the lengths of major and minor axes of the eddy ellipse as 108.9 and 55.4 km, respectively.
Due to the limitation of the edge detection technique used in this study, the boundaries between SST and non-SST regions are also shown in Fig. 4c . In the further study we will apply improved techniques to automatically remove the boundary lines. 
Conclusions
In this paper, the ocean eddies are detected automatically from MODIS (Aqua/Terra) L1B data using an automatic detection system. The detection process is carried out based on the SST retrieved from the L1B data using the nonlinear IMAPP algorithm. Using the detection algorithm, the characteristics of the eddies such as the position, the size, the scale, and the elliptical parameters can be automatically extracted based on the spatial distribution of SST. The MODIS L1B data can be obtained in near real time, therefore, the near-real-time automatic detection of ocean eddies can also be realized. However, a weakness of the system is that it only works under cloud-free condition, which is due to the limitation of visible/infrared remote sensing.
